Abstract -This study aimed to numerically investigate the air flow and contaminant dispersion in a ventilated room. The URANS equations supplemented with energy and concentration equations are solved using the scStream code. We are targeting primarily the ventilation effectiveness (εc) and the index of indoor air quality (IIAQ). Different displacement and mixing ventilation modes are investigated in isothermal conditions. The ventilation flow rate is 50 m 3 .h −1 Here, our ultimate aim is to suggest an effective ventilation that can ensure a good indoor air quality. The RN G k − ε model was adopted to handle the turbulence. CFD simulations were systematically checked, whenever possible, through available results. The simulation results indicate that the ventilation effectiveness to remove a contaminant and the index of indoor air quality are substantially influenced by the ventilation mode and the location of inlet and outlet air. From this study, it appears that the air flow and contaminant dispersion in a ventilated room can be typically predicted or evaluated by computer simulations.
Introduction
A healthy indoor environment is of paramount importance for the comfort and health of human beings. Indeed, today, users spend more time inside the premises (homes, schools, offices, transports, stores, etc.) [1] . Many pollutants from a variety of sources may be present in this environment and sometimes at higher concentrations than outside. For a question of energy saving, the exchanges between the outside and inside buildings were greatly reduced what could drive a containment situation thus leading to deterioration in air quality.
The ventilation process might be defined as an intentional controlled introduction of outdoor air into spaces. It is the primary mechanism for removing contaminants from within buildings. Thereby, the ventilation is now considered as a promising solution to ensure a good quality of indoor air. Its role is to renew sufficiently stale air by fresh air unpolluted and evacuate pollutants of the occupation zones. However, this technique can result in significant energy costs. Indeed, the introduction of fresh air causes important temperature gradients that affect the thermal comfort of occupants. These temperature gradients can be negative or positive depending on the climate. For this, different ventilation strategies have been adopted to ensure a good quality of indoor air firstly, and limit energy losses on the other hand.
Note that in a ventilated room, two physical phenomena may occur: natural convection driven by buoyancy forces of heat in the presence of sources of contamination and forced convection drained by external forces in the attendance of mechanical ventilation. For ventilation of a room, two mechanical ventilation modes are widely used. These modes are in function of the fresh air intake speed. These are the mixing ventilation where the air fresh is blown at high speed (turbulent air jets) and the displacement ventilation where air is supplied at low speed [2] .
Several studies have been conducted to deepen understanding of the behavior of air flow and distribution of heat and pollutants inside the ventilated rooms. Also, numerical and experimental analyses of mixed convection in air-filled open cavities were performed. Below, we briefly describe some work on the topic discussed here. Chung and Hsu [3] IIAQ Indoor air quality index xi
study of the influence of ventilation on the distribution of contaminants inside isothermal three-dimensional chamber in turbulent and transient flow regime. The authors found that the ventilation efficiency is on function of the location of diffusers supply and exhaust. Bjorn and Nielsen [4] conducted a numerical and experimental study of the influence of the expiry of the humanbeing on the fields of flow, distribution of contaminants and exposure to pollutants in chamber-test equipped with different scenarios of displacement ventilation. The authors have shown that the effect of the exhalation flow is no acute in most normal ventilation applications. However, the movement of people inside is not appropriate to maintain a minimum concentration in some areas such as smoking areas, hospitals or certain industrial zones. Moureh and Flick [5] performed a numerical and experimental study of an air flow in an open three-dimensional rectangular cavity in turbulent and steady regime. It has been found that the configuration "central inlet section" is formed the stagnant zones at the bottom of the cavity. These prevent the lateral flow separation reflecting low efficiency of ventilation. Also, it has been observed that the configuration "side inlet section" maintains the uniformity and the homogeneity throughout the enclosure and so improves the efficiency of ventilation to remove heat and mass gradients. Tian et al. [6] studied a numerical analysis to simulate the dispersion of contaminants (particles) and the concentration distribution within a three-dimensional local in turbulent and transient flow.
They compared the dynamics and mass fields obtained by three turbulence models with measurements made by Posner et al. [7] . They found that all models considered give favorable predictions. They also found that the LES model offers best results and the model is better than the standard k − ε model. Niachou et al. [8] performed an experimental study of the performance of natural and hybrid ventilation systems in three apartments characterized by a different geometry oriented in a distinct way. They realized a measurement campaign during a summer period. The purpose of the study was to show the impact of the urban environment on the effectiveness of ventilation systems. Tracer gases were applied during the experimental procedures with one gas (N 2 O), and then two gases (N 2 O and SF 6 ). They found that when the wind speed is low, the significant rate of air exchange can be achieved by natural ventilation, particularly in the case of transversal ventilation. Furthermore, they showed that the hybrid ventilation has a slight advantage over the simple natural ventilation face or in calm conditions. Liu Di et al. [9] conducted a numerical study on the indoor air quality inside a cubic cavity ventilated in turbulent and steady regime. The cavity is equipped with a mechanical ventilation system with a heat exchanger. The ventilation device has three apertures of the same dimensions: an air supply, an air outlet and an air recirculation. They showed that the increase in the Reynolds number is effective to reduce the average concentration levels. Tung et al. [10] studied experimentally the dispersion of pollutants in a humid three-dimensional room (bathroom). The authors examined the effectiveness of the ventilation to eliminate unpleasant odors using the tracer gas method. They found that the double flow mechanical ventilation is much better than the simple flow mechanical ventilation. Liu Di et al. [11] realized a numerical study of heat and mass transfer by mixed convection in an open cubic cavity in turbulent regime. It has been found that the reduction of contaminant levels can be achieved either by increasing the fresh air or recirculation ratio of intensity or the supply air flow, or by decreasing the power of the heating source. Jurelionis et al. [12] performed a numerical and experimental study of the impact of ventilation on the behavior of the aerosol particles (NaCl) in a room equipped with a controlled mechanical ventilation double flow system. They found that the mixing ventilation have a high air renewal rate τ (≥3) with an air contribution at one-way prevents the NaCl particles to move to the opposite side of the room. Also, they found that displacement ventilation is ineffective, which resulted in an age of air 16.7 s on average when τ . It should be noted that this value is relatively high with respect to the mixing ventilation (9.9 s). Rodriguez et al. [13] have studied numerically and experimentally the heat transfer by mixed convection in a cubic cavity filled with air. They found differences of 2% between the measured and computed temperatures when thermal Rayleigh number Ra T = 2.7×10
) and 3% when Ra T = 4.5 × 10 8 . They also found that convection coefficients predicted are closer to those obtained experimentally for a Reynolds number of 31 466 (Re = ρU in D h /μ). For this value of Re, the differences are 0.8% for Ra T = 2.7 × 10 8 and 0.3% for Ra T = 4.5 × 10
8 . Since the ventilation effectiveness is typically used in building, we conducted a numerical study to predict the aero-solutal behavior inside a three-dimensional ventilated room. To achieve this, the unsteady Reynolds averaged Navier-Stokes (URANS) equations are solved via the scSTREAM Code To handle the turbulence, the RN G k − ε model [14] is used. The main aim here is to test different mixing and displacement ventilation strategies in order to propose an effective strategy that takes less time to evacuate the contaminant and to ensure a good indoor air quality.
The rest of the paper is organized as follows. Section 2 describes the physical model and presents the governing equations supplemented by specific boundary conditions. Further, key parameters of this study are presented in Section 3. Section 4 deals with a brief description of the numerical approach while emphasizing its validation. A thorough discussion of simulation results takes place in Section 5. Lastly, we conclude in Section 6 while targeting the salient results.
Problem statement and mathematical model 2.1 Physical model of the ventilated room
The studied physical system is depicted in Figure 1 . It consists of a ventilated room of dimensions 4 × 3 × 2.5 m 3 filled with an air-CO 2 mixture. It is provided with two openings for the supply of fresh air and the evacuation of contaminated air. The ventilation rate was 50 m 3 .h −1 . The walls are adiabatic and impermeable. Figure 2 illustrates the ventilation scenarios studied in this work. Recall that there are two mixing ventilation systems and two displacement ventilation systems. In the case of the mixing ventilation, the supply and exhaust are provided either at the side walls (Fig. 2a) or at the ceiling level (Fig. 2b) . In the case of displacement ventilation, the supply and exhaust are either at a single side wall (Fig. 2c) or at the ceiling level (Fig. 2d) . Air outlet vents are circular. It should be noted that air inlets are rectangular for the case d and circular for cases a and c. For the case b, we considered a square cassette. The angle of incidence of the jet is 30
• for the case a, 0
• for the case b, -60
• for case c, and 90
• for to the case d.
Mathematical model
The conservation equations are simplified by adopting the following conjectures: the fluid is Newtonian and incompressible, the flow is turbulent and unsteady, viscous dissipation and the work of the pressure forces and the transfer by radiation are negligible. Likewise, we have considered that the Boussinesq approximation remains valid within the frame of our study. Note that the level of concentration of CO 2 is considered low (the amount of CO 2 is much lower than air (0.02%)). Under these assumptions, the averaged equations governing the aero-thermosolutal flow are the following:
where ρu i u j , ρu i T and ρu i C are the average Reynolds stresses, turbulent heat and mass fluxes, respectively, which are modeled as follows:
where k = u i u i /2 is the turbulent kinetic energy, δ ij is the Kronecker tensor, μ t is the eddy viscosity, α t and 
The closure of the system (1)- (4) is achieved via the transport equations of turbulent kinetic energy (k) and its dissipation rate (ε). These can be written as follows:
, and σ k , σ ε , C 1 , C 2 , C 3 , C μ are the model constants whose values are given in Table 1 , with C 1 (η) = 1.42− η (1 − η/4.38) / 1 + 0.012η 3 , η = kS/ε and S = (S ij S ij ) 1/2 .
Boundary conditions
The considered system of Equations (1)- (10) is completed with suitable boundary conditions (BCs). These are: U = 0 on all solid surfaces, U = U in at the air inlet, ∂U/∂n = 0 at the air outlet where n is the unit vector normal to the flow direction. As for thermal BCs, the room is supposed isotherm at 292 K and its walls are adiabatic. For the CO 2 , we assumed that its concentration is 2000 ppm at t = 0, while the air enters at a concentration of 350 ppm. At the outlet, we set ∂C/∂n = 0. Regarding the turbulent quantities, their values are those advocated by Henkes et al. [15] .
It is noteworthy that the choice of rate (50 m 3 .h −1 ) is due to the French regulations which requires a minimum ventilation rate of 35 m 3 .h −1 . In addition, the velocity has been used as parameter to size the air inlet. From the relationship between the flow rate, inlet velocity and the inlet section, we deduce the later quantity (air inlet section), and hence the Reynolds number (Re = (ρU in D h )/μ) for each scenario, D h being the hydraulic diameter. Thereby, the Reynolds numbers obtained for each scenario are 3 Characteristic parameters
Ventilation effectiveness to remove contaminant
Awbi [2] defines the efficiency of a ventilation scenario (ε c ) to remove a contaminant element as the ratio of the concentration difference between the extracted air (C out ) and the blown air (C in ) by the difference between the average concentration of the interior air (C) and the concentration of the blown air. This quantity allows assessing the ability of a ventilation system to remove pollutants in a ventilated domain. Note that a value greater than unity ε C translates effective ventilation.
Index of indoor air quality
The index of indoor air quality (I IAQ ) is defined as the ratio of the difference between the average concentration in the interior (C) and the concentration of extracted air (C out ), and the difference of the concentration "threshold" (C Th ) and (C out ). It is used to assess the quality of indoor air with respect to a pollutant. It is defined by the relation:
Note that when I IAQ less than unity, the quality of indoor air is good.
4 Numerical procedure
Discretization
The computational analysis is performed using the general purpose finite-volume CFD code scStream. A quadratic structured mesh is used with a coefficient geometric expansion of 1.05. The terms of advection and diffusion are discretized using first-order upwind scheme. The Simplec algorithm [16] was used for the pressurevelocity coupling. The resolution of the resulting algebraic system is achieved using multiple-iteration constrained conjugate gradient (MICCG).
Before the targeted simulations, we have checked the independence of the mesh with respect to results. For this, we built four mesh grids with a time step of 0.01 s (21×26×31, 41×46×51, 61×66×71 and 81×86×91). The obtained results indicated that the last two grids provide similar velocity and concentration profiles plotted at different points of the area. Therefore, we selected the grid 61 × 66 × 71 for all calculations presented in this study. Similarly, we examined the temporal evolution of velocity and concentration considering different time steps (0.5, 0.1, 0.05 and 0.01 s). It was found that a time step less than 0.05s gives satisfactory results. Normalized residuals required for convergence has been 10 −8 for the energy, and 10 −5 for the remaining equations that correspond to 1% of the default tolerance settings of scStream.
Validation and verification
It is now accepted that a numerical code requires verification and validation of the results with the literature data. To check and validate our approach, two different problems were considered: (1) heat and mass transfer within a closed square cavity in laminar and steady regime, and (2) a ventilated room in isothermal conditions under turbulent and transitional flow regime.
The first problem was carried out by Béghein et al. [17] and Xaman et al. [18] . The cavity is differentially heated with a concentration gradient between the vertical walls. The horizontal walls are adiabatic and impermeable. To perform this comparison, the following dimensionless parameters were used: Prandtl number (P r = 0.71), thermal Rayleigh number (Ra T = 10 4 and 10 Figure 3 for the local N u and Sh Likewise, Table 2 gathers comparisons for N u and Sh. We see that the results are in good agreement.
The second problem was studied by Chung and Hsu [3] . It concerns a ventilated three-dimensional room filled with an air-CO 2 mixture. In the initial state, the concentration of CO 2 is at 2000 ppm and the mixture temperature is at 300 K. Fresh air is introduced at a temperature of 300 K and at a concentration of 350 ppm. The ventilation flow rate is 391. In the light of these comparisons, it can be concluded that the numerical approach, for the case of this study, provides satisfactory results.
Results and discussions
In the following, we present the results of ventilation systems presented in Figure 2 for each of the scenarios, iso-concentrations and the temporal evolution of the concentration of CO 2 are presented for different measurement points. The coordinates of these points are gathered in Table 3 . Figure 6 illustrates the temporal evolution of isoconcentrations plotted at Y = 0.5, 1.5 and 2.5 m. It is seen that, in the vicinity of the air inlet, the concentration is low and is about 350 ppm and that, for the four scenarios. This is due to the rapid dilution of the mixture due to the fresh air which sweeps these zones very quickly. The rest of the area exhibits an almost perfect homogeneity. Also, concentrations decrease gradually over time. It should be noted that the scenarios b, c and d present poorly ventilated areas after 70 min. These areas disappear after 100 min. Figure 7 shows the temporal evolution of the concentration of CO 2 of each of the measuring points of the four scenarios. It is found that, for each scenario, the concentration at the local center is almost homogeneous. It decreases with time. This indicates that the ventilation progressively removes the contaminant (CO 2 ). Also, we observe that, for a given time, the concentration is almost constant regardless of the level of sampling. Figure 8 depicts the time evolution of the effectiveness (ε c ) and the index of indoor air quality (I IAQ ) of the four scenarios, namely a, b, c and d. As we can see, the effectiveness of scenario b is low (ε c ≈ 0.8). As for the scenarios a and c, they provide a more or less high efficiency (ε c ≈ 0.9). This is the scenario d that provides better efficiency ε c ≈ 1. This indicates that a such scenario removes enough the CO 2 . With regard to the index of indoor air quality, we get a good air quality (I IAQ < 1 after 40 min on average for the four scenarios. However, the scenario d takes less time (33 min only) to ensure good quality of air. This period is significantly lower in comparison with the other scenarios, showing that such a scenario is more effective than others.
We note that, for the case b, the temporal evolution of ε c and I IAQ is different from the other cases. Otherwise, these quantities exhibit significant fluctuations because of unsteady feature of the flow. Since air is blown through four jets parallel to the ceiling, large structures occur which maintain or delay the steady state of the flow.
Following these results, it is clear that the impinging jet ventilation (scenario d) provides better ventilation efficiency, which actively discharges the CO 2 and ensures good air quality in an acceptable time.
Conclusion
The turbulent contaminated flow in a 3D configuration is computationally investigated. The emphasis has been on the influence of ventilation on the indoor air quality in a ventilated room filled with air-CO 2 . The main aim was to test different mixing and displacement ventilation strategies. The Mixing ventilation (wall supply and extract)
The mixing ventilation (ceiling supply and extract)
The displacement ventilation (wall supply and extract)
The impinging jet ventilation (ceiling supply and extract) CO 2 less than 10 3 ppm and an index of indoor air quality less than 1, about 33 min. Note that scenario b takes longer (12 min) than the scenario d.
-Regarding the efficiency of ventilation to remove pollutant, all scenarios provide a lower efficiency (ε c < 1). This indicates that these scenarios do not provide effective evacuation of CO 2 . According to our comparison, it was found that this is the scenario d that provides the better efficiency (ε c = 0.98), the most favorable, whereas the scenario b was found to be less favorable with ε c = 0.8. -The impinging jet ventilation can ensure good air quality after 33 min, and has better efficiency ε c . -Finally, all scenarios provide a velocity of ambient air well below 0.25 ms −1 . This is in line with the recommendations of ASHRAE 62.
